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impacts of high PV penetration, which they have never encountered before. For example, this research is originated from the issues concerning the University of Queensland (UQ) Gatton campus 3.3MWp PV system integration evaluation, which involves the Open-Delta Step Voltage Regulator (SVR).
The Open-Delta SVR configuration has been well-known and can be found in major distribution system analysis books [6] [7] [8] and manufacturer's manuals [9] , [10] . However, its model is defined as the ideal auto-transformers with tap ratios being simple scalars between input and output phaseto-phase voltages (or line currents). As a result, the model cannot provide an apparent relationship between voltages and currents, and consequently it is hard to form a bus admittance matrix of an Open-Delta SVR for load flow algorithms. Although some basics can be taken from the Open-Delta / Open-Delta transformer model [11] , [12] , it is after all fundamentally different in a system configuration.
Moreover, the SVR manufacturer has presented the neutral shift phenomenon for Open-Delta SVRs in three-phase threewire applications [13] . However, it does not specify why the neutral has to be shifted, where the new neutral is allocated, and how this will affect a power system. This further creates complications in the modelling of Open-Delta SVRs, because unbalanced load flow programs generally require phase-toneutral voltages in network equations and then calculate line currents based on voltage solutions. But, with the neutral potentially shifted to an uncertain position, the load flow formulation becomes difficult.
In this paper, the aforementioned research gaps are fulfilled by deriving a complete model of the Open-Delta SVR with different neutral model assumptions. Then these models are implemented in the three-phase (three-wire/four-wire) Current Injection Method (CIM) load flow algorithm [14] programed in Matlab. Various logged network conditions are examined, and later these results are compared with the records for model validation. Finally, an approach for remote tap change estimation is established and later validated with data from the field measurement.
II. RESEARCH MOTIVATIONS -UQ GATTON DISTRIBUTION NETWORK
The UQ Gatton campus is located in a rural area, which is around 80 km to the west of Brisbane, Queensland, Australia. [1] The geographical layout of the Gatton network is shown in Fig. 1 . In Gatton Substation, grid voltage steps down from 33 kV to 11 kV to provide power to several surrounding areas, and one of them is the UQ Gatton campus. After about 2.8 km, the distribution line is split into two at Point Aone for the north side agriculture load (GTN5B) and the other one for the south side Gatton Campus. Around 1.7 km after Point A, an Open-Delta SVR is placed for downstream voltage regulation. Then the 11kV line continues for approximately 3 km to serve the campus load. The 3.3 MWp PV system is connected to the 11 kV line just before the local campus substation (11 kV / 415 V). The equivalent electrical diagram of the Gatton network is illustrated in Fig. 2 , and the relevant network parameters are summarized in Table I. The Gatton network contains an Open-Delta SVR, nontransposed long lines (approximately 7.5 km), and slightly unbalanced load, and more importantly a substantial PV plant is integrated at the end of the feeder. It is a new challenge, and the local utility demands a thorough investigation before any connections can be made. Further, operation and compliance reports are required after the PV integration. This means a detailed network model with all the devices should first be constructed to pave the way for any subsequent studies. However, the detailed model of the Open-Delta SVR is not available in the literature, and its bus admittance matrix needs to be derived for load flow programs. Further, the load flow results should match the field observation for model verification. In general, an Open-Delta SVR contains two single-phase regulators, which can be arranged between different phases -AB-CB, BC-AC or CA-BA connections. The AB-CB configuration shown in Fig. 3 is physically implemented in the Gatton network, so the following derivation will be based on this arrangement. Similarly, other connections can be deduced via the same procedures. The meanings of the notations relevant to this section are listed in Table II , and all the parameters are in per unit except tap positions. It can be noted that the Open-Delta SVR is located between Bus 4 and Bus 5 in Fig. 2 , therefore, for convenience Fig. 3 (b) follows the same notations.
A. Derivation of Open-Delta Step Voltage Regulator Model
The turns ratios of the regulators can be defined by (1), and they are further related to voltage changes and tap positions.
The basic voltage-current relationship of the two regulators can be summarized in (2) , and it should be noted that the shunt admittance is negligible [7] . The leakage impedance of the regulator is normally referred to the series winding side, which is very small in value due to the square term of the low turns ratio (n R_AB 2 ) and the small low-voltage winding impedance (z R_N 2 ) in (3). Therefore, equal leakage admittance is assumed as in the second equation of (3). By introducing the effective regulator ratios as shown in (4), Eq. (2) can be represented in (5) .
The Open-Delta SVR is located in the middle of the 11 kV Gatton feeder, as shown in Fig. 2 . Therefore, it is modelled in a three-phase three-wire system, which has the delta-grounded wye transformers at the end. According to the symmetrical component theory, there is no circulating zero-sequence current that can leave the delta-terminals and enter the three-wire system, due to the lack of zero-sequence circuit path as illustrated in Fig. 4 . Therefore, for any three-phase three-wire systems with ungrounded neutral, the current summation (also three times of the zero sequence current) of any buses should be zero, as shown in (6) [17] . By applying (6) to (5), the relationship between line currents and line-to-line voltages can be expressed by (7) . Next, the KVL of Buses 4 and 5 as in (8) is used on Phase B (I B 4 and I B 5 rows of equations) to transform (7) to (9) , as shown at the bottom of the next page. Please refer to Appendix for more details. Then, the line-to-line voltages in (9) are converted to phase voltages by using (10) for obtaining the updated Open-Delta SVR model as described in (11) , as shown at bottom of this page.
B. Consideration of the Neutral Position in a Three-Wire Network 1) Unspecified Neutral Model: Eq. (11) seems to be symmetrical and balanced, and it is also systematically formed with a certain formation for each 3-by-3 sub-matrix: (i) distribution of r 1 and r 2 is regular, and (ii) summation of row or column vectors of each sub-matrix is zero. However, this model does not explicitly specify the location of the neutral. Therefore, the neutral can be any point that provides a solution to the load flow problem, and even the location that results in unrealistic phase-to-neutral voltages. This will be later discussed in Section III-C.
2) Neutral Shift Model: In [13] , only an indicative neutral shift direction is presented as shown in Fig. 5 , and the exact situation of the neutral is not specified. A straightforward idea is that the neutral of Bus 5 also moves to the centroid of its A 5 B 5 C 5 triangle. Therefore, according to this neutral allocation, a new condition needs to be adopted, as shown in (12) . There are many ways of including this extra condition, and in this paper it is applied to the I B 4 and I B 5 equations. The new neutral shift model is expressed in (13) , as shown at the bottom of the next page.
3) Common Neutral Model: Following from the last section, what if the buses before and after the Open-Delta SVR share a common neutral (N)? Actually, from Fig. 3 (b) it can be noted that Phase B is connected straight through the SVR, therefore it is reasonable to consider Bus 4 Phase B voltage is equal to that of Bus 5 as illustrated in Fig. 6 . This can be described by (14) , which needs to be incorporated into the formulation. Again, this condition is integrated into the I B 4 and I B 5 equations, and the common neutral model is shown in (15) , as shown at the bottom of this page. It can be noted that the changed terms of both the neutral shift model (13) and the common neutral model (15) are underlined for comparison with the unspecified neutral model (11) .
4) Comparison and Analysis of the Developed Models:
In a three-phase three-wire system, neutral is not physically presented. Therefore, phase-to-phase voltages are normally taken for analysis. However, load flow programs require phaseto-neutral voltage representation with admittance matrix. Moreover, it is easy to calculate line currents with phase-toneutral voltages. As a result, neutral allocation is necessary for load flow studies. All of the three developed Open-Delta SVR models have the neutral included in their equations, 
i.e., the unspecified neutral model (11) , the neutral shift model (13) and the common neutral model (15) . First, for the unspecified neutral model, the neutral position is undefined. Therefore, the load flow solution becomes unpredictable as the neutral can even be located outside the triangle formed by the Phases ABC shown in Fig. 5 , as long as the load flow converges. Consequently, the phase-to-neutral voltage magnitudes can be unrealistically high.
Secondly, compared with the unspecified neutral case, the neutral shift model positions the neutral to the centroid of the ABC triangle by adopting (12) as extra conditions. This guarantees the neutral is situated inside the ABC triangle and the resultant phase-to-neutral voltages are generally within an acceptable range. However, the neutral shift means Bus 4 (before SVR) and Bus 5 (after SVR) do not share the same reference point -the neutral, which does not comply with the normal convention of a power system. Further, the existence of different neutral points has to be treated with care when interpreting or using load flow results.
Thirdly, the common neutral model is based on the electrical connection of the Open-Delta SVR and takes constant Phase B voltage (14) as additional conditions. This is equivalent to fix the neutral to a common position throughout the SVR as illustrated in Fig. 6 . Normally, the neutral is located inside the ABC triangle under such a condition, so the load flow solution is expected to be reasonable. Moreover, the universal neutral is sensible for traditional power network analysis and does not require special treatment of the results as in the neutral shift model.
C. Simulation Results and Discussion

1) Load Flow Comparison:
To compare the three models, i.e., the unspecified neutral model, the neutral shift model and the common neutral model, an assessment is conducted via load flow based on the recorded data from Bus 8 at 2016/04/22 14:21:45. At Bus 8, the total 3-phase real power was 1.79MW with a power factor of 0.91 lagging, and the line current magnitudes were 106A, 105A and 102A for Phase A, Phase B and Phase C, respectively. The SVR tap positions were 10 and 8 for the Regulator AB and the Regulator CB. The load flow results are presented in Fig. 7 , and the measured phase voltages are later listed in Table III as the first event. In summary, the following observations and the corresponding discussions are made.
(1) Unrealistic phase-to-neutral voltages for the unspecified neutral model: The unspecified neutral model leads to unrealistically high phase-to-neutral voltages after the Open-Delta SVR (black lines in the first sub-figure of Fig. 7 ). Because the neutral is unspecified in this model, the voltages may converge to any possible values. In this case, the voltages increase to 4.9pu -6.5pu, which are impractical. seen that due to the neutral reallocation to the centroid in the neutral shift model, the phase-to-neutral voltages are almost perfectly balanced, and the phase voltage summations [Eq. (12) ] are kept close to zero as shown in the second sub- figure. On the other hand, the common neutral model preserves the constant Phase B voltage within the Open-Delta SVR as shown in (14) . Therefore, Phase B voltages are the lowest compared to those of Phases A and C, and the phase voltage summations continue to increase within a reasonable level instead of a total reset as for the implementation of (12). In a three-phase three-wire network, there is no neutral after all, and the lines are finally transformed by a delta-grounded wye transformer to serve the loads. In theory, there is no neutral in existence, and one should take assumptions to specify a location for the neutral. Depending on the assumptions, the neutral can be anywhere as long as the phase-to-phase voltages are kept the same. This is the reason why the identical results are obtained for the phase-to-phase voltages and line currents. (5) Importance of the Neutral (N): Theoretically the neutral can be in any position; however, in reality the neutral position is important and may not be arbitrarily decided. First, various network studies, such as PV integration feasibility, operation and compliance studies, require simulation results to closely match with field measurements. The incorrect neutral assumption may lead to significant mismatches. For example, the 11kV bus at the Gatton campus (Bus 8) is metered as in Fig. 8 , in which the neutral is grounded. Therefore, the common neutral model should be used since the ground is common through the whole network. An evaluation over 4 incidents is summarized in Table III containing different real power loads and power factors (even a reverse power flow incident due to the high PV power generation). It can be noted that the unspecified neutral model is not included as the resultant phase-to-neutral voltages are unreasonably higher than the field records.
The results in Table III show that the common neutral model can provide closely matched results to both the OpenDSS simulation and the field measurement, when the metering scheme is arranged as in Fig. 8 . The second significance is from the point of view of information preservation, which will be presented in the next section.
2) Fault Simulation:
Further, a fault simulation is conducted by assuming the previously mentioned moment (at 2016/04/22 14:21:45) as the pre-fault condition. A single phase to ground fault simulation is conducted at Bus 5 Phase B, and the feeder voltage profiles during the fault with both the neutral shift model and the common neutral model are presented in Fig. 9 . There are two observations regarding different neutral models.
(
1) Similar fault voltage profiles for Buses 1-4 and 10:
For both the neutral shift model and the common neutral model, the neutral reference points for Buses 2-4 are all referred to the neutral of Bus 1. Therefore, the phaseto-neutral voltage profiles during the fault are almost the same. Moreover, Bus 10 is located after the DeltaGrounded Wye transformer and has its own neutral and ground. Hence, its neutral is not related to any neutral assumptions made in the upstream 11kV feeder, and its fault voltage is not affected by the choice of the SVR models.
(2) Different fault voltage profiles for Buses 5-8:
In the neutral shift model, the neutral of Bus 5 is shifted to the centroid of the ABC triangle -(12) instead of following the neutral of Bus 4 as in the common neutral model - (14) . Therefore, the fault voltage profiles of Bus 5 in the neutral shift model are substantially different from those in the common neutral model. It can be noted that the neutral shift model leads to unequal Phase B voltages between Bus 4 and Bus 5, unlike the common neutral model. Naturally, this is incorrect since the Phase B of these buses is physically connected by a short wire with negligible impedance as illustrated in Fig. 3 (b) . This is another reason that the common neutral model is more superior. It should be pointed out that the neutral for a threephase three-wire system is after-all a virtual neutral without any physical grounding. Therefore, the neutral location of the Open-Delta regulator does not affect the actual solution of fault simulation, however, it can result in different (sometimes misleading) phase-to-neutral voltage profiles during the fault.
IV. INFORMATION PRESERVATION AND POTENTIAL TAP POSITION ESTIMATION
A. Information Preservation in Voltage Unbalance
Many Open-Delta SVRs are installed in long rural feeders, where communication is generally difficult, and the resolution of recording and the number of monitored parameters are limited. In comparison, the downstream loading center or large-scale PV site (e.g., Bus 8) is normally well equipped with modern sensors and database. If the voltages can be properly metered, it may be possible to estimate the upstream Open-Delta SVR tap positions and examine the large-scale PV integration impacts on tap changers. Such estimation can neither be achieved by the unspecified neutral model due to the unrealistic phase-to-neutral voltage magnitudes, nor by the neutral shift model because of its resultant nearly balanced voltages.
However, in the common neutral model, there are reasonable differences between Phase B and Phase A (or C), which may provide an opportunity for further information extraction. As illustrated by the voltage vector diagram in Fig. 10 (a) , the voltage magnitudes of Phase B are the same for Bus 4 (before SVR, solid blue line) and Bus 5 (after SVR, dashed red line), but the Phase A voltage of Bus 5 is greater than that of Bus 4 due to increased tap position in the Regulator AB of the SVR. Since the phase-to-neutral voltage difference between Phase A and Phase B is directly caused by tap changes, information of tap position should be preserved in a certain way by the voltage imbalance. Therefore, the common neutral model and the corresponding metering scheme (Fig. 8) can be utilized for the tap position estimation.
B. Tap Position Estimation 1) Estimation Under Bus 4 -Bus 5 Frame:
First, the estimation is investigated between Bus 4 (before SVR) and Bus 5 (after SVR). Fig. 10 (a) illustrates the voltage vector diagram with the common neutral model for these two buses. The following points can be considered during derivation of the estimation formula.
( is approximately equal to the length of the longest edge (|V A 5 N |). It should be noted that whenever phase-to-neutral and phaseto-phase voltages are drawn in the same vector diagram, in order to keep the phase-to-neutral voltages at around 1pu level, the phase-to-phase voltages have to be proportionally increased by √ 3. Otherwise, the voltage vectors cannot meaningfully form the triangles. Therefore, the following relationship can be summarized.
2) Estimation Under Bus 4 -Bus 5 -Bus 8 Frame:
In the Gatton network (Fig. 2) , only variables at Bus 8 can be measured (e.g., Fig. 10 (b) . Hence, (17) can be transformed to (18) and (19) for tap position estimation as follows.
In other applications where |V A 8 N | ≈ |V A 5 N | and |V B 8 N | ≈ |V B 5 N | cannot be assumed, the traditional line drop compensation (LDC) method [7] may be used in a reverse manner to estimate Bus 5 voltages based on Bus 8 net power flow and Bus 8 voltages. Then (17) can be utilized for tap position estimation. It can be noted that since only the vector magnitudes are used in calculation, the vectors of Bus 8 in Fig. 10 have been accordingly rotated to align with those of Bus 4 and Bus 5 for a better representation.
C. Comparison Between Estimation and Field Measurement
In order to validate the proposed method for tap position estimation -(19), the unbalanced phase-to-neutral voltages (in 1s time resolution) at Bus 8 were extracted from the UQ Gatton PV station. The voltage data are then used to predict tap status based on (19). Next, the results are compared to the recorded tap positions of the Regulator AB of the Open-Delta SVR (available only half-hourly over 12 days) for validation. These half-hour data were independently collected by the local power distribution utility from December 2015 to January 2016.
A comparison of the proposed method and the utility measurement over four days is shown in Fig. 11 . The tap position contours calculated from the developed approach are well aligned with the half-hour tap profiles from the local utility. In future work, more data from the UQ substation and the local utility are expected for additional validation. The reverse LDC method will be investigated to further improve modelling accuracy.
V. CONCLUSION
This paper develops new mathematical models of the Open-Delta SVR with consideration of different neutral arrangement for unbalanced distribution network analysis. The derived models are formulated in the form of bus admittance matrix, which can be easily accommodated in different load flow programs. Moreover, the role of the neutral is thoroughly analysed for the unspecified neutral model, the neutral shift model and the common neutral model.
It is demonstrated that although the neutral allocation may not substantially affect load flow results, the choice of neutral can become very important in reality (especially with large-scale PV integration), in terms of matching field measurement and preserving tap position information. This paper concludes the common neutral model with the corresponding metering scheme surpasses other models in these aspects. Furthermore, a method for remote tap position estimation is developed, and it has been validated via the data obtained from the field measurement. The developed model and method are useful for large-scale PV feasibility, operation and compliance studies with a distribution network similar to UQ Gatton, and further they are extremely valuable to both research community and distribution utilities for future network analysis and PV impact evaluation to the grid.
APPENDIX
Eq. (8) contains two equations (conditions), therefore, in order to include these conditions in (7) to form (9), each condition only needs to be applied once in (7) . Eq. (8) (S'14) is currently pursuing the M.Phil. degree in power and energy systems from the University of Queensland, Brisbane, Australia. His research interests include power distribution system analysis and optimization.
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